We have identified conserved autoantigenic cellular proteins that bind to G-rich sequence motifs in recombinogenic regions of Epstein-Barr virus (EBV) DNA. This binding activity, called TRBP, recognizes the EBV terminal repeats, a locus responsible for interconversion of linear and circular EBV DNA. We found that TRBP also binds to EBV DNA sequences involved in deletion of EBNA2, a gene product required for immoralization. We show that TRBP binds sequences present in repetitive cellular DNA, such as variablenumber tandem repeats (VNTR) and immunoglobulin heavychain class switch regions. We propose that EBV utilizes cellular DNA recombination systems to mediate several types of viral genome alterations. These findings may lead to an understanding of the mechanism of rearrangements of EBV DNA that are a central feature of the biology of the virus.
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In this report we address the hypothesis that recombination events in Epstein-Barr virus (EBV) DNA resemble comparable cellular processes and are mediated by similar machinery. We have sought and identified an activity in cellular nuclear extracts that recognizes recombinogenic sequences in EBV and cellular DNA.
The genome of EBV assumes several forms. In virions, EBV DNA is linear; in cells, during latent infection, the viral genome becomes a circular plasmid (1) (2) (3) . After induction of lytic viral DNA replication a linear EBV DNA molecule is once again produced for packaging into virions (4, 5) . Interconversion between the linear and circular forms of EBV DNA, an essential process of the EBV life cycle, takes place in the 538-bp terminal repeats (TRs) (see Fig. 1A ). The occasional integration of EBV DNA into the cellular genome also occurs at the TRs (6, 7) .
Internal rearrangements and deletions are frequently present in EBV DNA molecules. Rearrangements ofEBV DNA, called heterogeneous (het) DNA are found in defective viral genomes and may lead to activation of the EBV lytic replication cycle (8) . A region of the EBV genome spanning the coding regions for a portion ofthe leader protein (LP) and the entire EBV-encoded nuclear antigen 2 (EBNA2) protein is prone to deletion: viruses with LP/EBNA2 deletions are unable to immortalize lymphocytes (9) . het DNA and deletions that remove the EBNA2 gene are detected in the tongue of patients with oral hairy leukoplakia, a disease characterized by unbridled EBV replication in epithelial cells (10, 11) . Thus, het DNA and the EBNA2 deletions, paraphenomena of lytic EBV replication in vitro, may be important in EBV pathogenesis (12) . Generation of EBV genomes with het DNA and EBNA2 deletions occurs in sequences of IR1, the 3072-bp large internal repeat (IR) (Fig. 1B) (9, (13) (14) (15) (16) (17) . The number of IR1 repeats is constant in EBV plasmids maintained in latency but changes when virus is induced to replicate and to immortalize new cells (18, 19) . Thus, frequent recombination events take place in IR1 but their mechanism is unknown.
Some EBV DNA sequences from IR1 are linked to sequences of a type D retrovirus, SMRV-H, in the B95-8 EBV producer cell line (unpublished work). At the recombination junction the retroviral gag gene and EBV IR1 share 7 bp of identical sequence (TGGGTGG). The portion of EBV IR1 involved in the recombination with retrovirus is identical to that which participates in the EBNA2 deletion in the P3J-HR-1 EBV strain (13) . Furthermore, sequences at the junction between EBV and the retrovirus were similar to G-rich sequences found in the EBV TR (20) .
G-rich sequences similar to those present in recombinogenic regions of EBV DNA are found in putative recombinogenic elements in cellular DNA (21, 22) . They are characteristic of immunoglobulin heavy-chain class switch (S) sequences (23) . In the Sly regions the motif GGGGAGCTG-GGG is present in 49-mers that form multiple repeats (24, 25) . Human minisatellite or variable-number tandem repeat (VNTR) regions contain repeated sequences within which is a characteristic element with the consensus GGGNNGTG-GGG. VNTR-like sequences have been involved in translocations of the c-myc and bcl-2 oncogenes to immunoglobulin regions (26) . Furthermore, an oligomerized VNTR core sequence caused an increase in homologous recombination between two nonreplicating plasmids transfected into human cells (27) .
These observations suggested that related G-rich sequences in EBV and cellular DNA are recombinogenic and might be recognized by a conserved cellular protein. (28) . Flanking sequences were selected to contain restriction endonuclease sites and primer sites for second-strand synthesis. Oligonucleotides with the sequence 5'-GATCCATATC-3' at their 3' end served as templates for synthesis ofa complementary oligonucleotide. This synthesis was primed with the oligonucleotide 5'-GATATGGATC-3'.
MATERIALS AND METHODS
EMSA. Reaction mixtures contained 0.2-1.0 ng of labeled oligonucleotide with specific competitor as indicated in 10 pd of binding buffer [10 mM Hepes, pH 7.9/100 mM KCl/1 mM dithiothreitol/0.5 mM EDTA, pH 8.0/20% (vol/vol) glycerol containing 1 ,ug of poly(dI-dC)]. The binding reactions were initiated by adding 1 ,u of nuclear extract, containing 5 jg of protein, to the initial mixture and incubating for 10 min at room temperature (28) . Antibody supershift assays were performed by adding 1 y4 of autoimmune serum to the EMSA mixture and incubating for an additional 10 min at room temperature. Bound and free probe were separated by electrophoresis in nondenaturing 4% polyacrylamide gels.
DNase I Footprintlng. The probe was a 282-bp BstEII-Nar I restriction fragment which corresponds to bp 170,538-170,819 of the EBV DNA sequence. The probe was radiolabeled at the BstEII end with [y.32P]ATP by T4 polynucleotide kinase. DNA binding and DNase I digestion followed described methods (28) . A 24-mer oligonucleotide (5'-GTGACCCAGCCAAGCGTGACCAAG-3') corresponding to the 5' end of the probe was used as a primer in a DNA sequencing reaction. The sequencing reaction and the DNase I protection assay were analyzed by electrophoresis in adjacent lanes to determine the protected sequences.
RESULTS
A Factor That Binds Recombinogenic Sequences in EBV DNA. Our initial experiments sought to identify proteins that bind the TRs, the loci of interconversion between linear and circular EBV DNA. A 29-mer duplex oligonucleotide, T, containing 17 bp of EBV sequence spanning the junction between two TRs, was used as a probe in an EMSA (Table   1 and Fig. 1A) . A nuclear extract prepared from an EBVcontaining lymphoid cell line induced into lytic viral replication was found to contain one or more factors which bind probe T ( Fig. 2A) . Nuclear extracts reproducibly caused two shifted complexes of probe T, designated A and B. Complexes A and B were specific for T. These complexes formed at markedly reduced efficiency on probe Tm1A, a duplex oligonucleotide with a single G -+ A point mutation in the EBV sequences. The flanking sequences in probes T and Tm1A were identical. The factors responsible for formation of complex A and B were heat labile, destroyed by protease, and resistant to RNase (data not shown); therefore they contain protein and were named TR-binding protein (TRBP). Two additional complexes, C and D, were not observed consistently. Complex C was not specific for T; it was formed at similar efficiency with probes T and Tm1A and its formation was not efficiently blocked by unlabeled oligonucleotide T (Fig. 2A) .
A set ofcomplexes similar to those formed on probe T were formed on probe W (Fig. 2B) , a 37-mer that contains 21 bp of EBV sequence at the left junction of the recombination that deletes the sequence encoding EBNA2 in the HR-1 strain of EBV (13) . The complexes formed on probes T and W appeared to be related, since unlabeled oligonucleotide T efficiently competed with probe W for complex formation. Probe Tm3, with three point mutations in the probe T sequence did not compete with probe W or probe T (Fig. 2C) containing the binding site for the EBV ZEBRA protein, did not compete with probe W (Fig. 2B) or T. Furthermore oligonucleotide T did not compete for binding of ZEBRA or cell proteins to the AP-1 probe (data not shown). Thus the complexes formed on W, like those formed on T, are sequence-specific. The relative affinity of TRBP for probe T was greater than that for probe W, since a 200-fold excess of nonradioactive oligonucleotide W only partially blocked complex formation on probe T (Fig. 2C) .
The right end ofthe deletion in EBV (HR-1) DNA is located in the BamHI H region. Complexes A and B, similar in mobility to those formed on probe T, formed on oligonucleotide H (Fig. 3) , a 39-mer containing 28 bp of EBV sequence at the right end of the HR-1 deletion. Binding of probe H was efficiently blocked by oligonucleotide T, but not by Tm3. Based on competitions, the affinity of TRBP was higher for H than for W. Similar Complexes Are Formed on Recombinogenic Sequences in Cellular DNA. VNTR or minisatellite DNA sequences found throughout mammalian DNA are thought to play a role in recombination (21, 22, 27 ). An oligonucleotide containing a VNTR consensus sequence demonstrated a shift pattern that was similar to that observed for probe T, with prominent formation of complexes A and B (Fig. 3) . Further, oligonucleotide T, representing the TRs in EBV, competed for factors binding to the VNTR probe.
Recombinogenic EBV sequences resemble sequence elements in the IgG heavy-chain class switch region S.3. Fig. 4 illustrates protein complexes that were formed on an oligonucleotide designated S. that portion (GGGAGCTGGGG) of the 49-mer that is common to all S., repeats. This sequence is similar to the VNTR consensus and is related to the EBV TR sequences represented by probe T. All contain the motif GGGNNNTGGGG. The complex formed on probe S,3C was efficiently blocked by T, less efficiently by W, and not by Tm3. The oligonucleotide S,3Cm, in which two guanines in the S.3C sequence were changed to cytosines, did not form complex A or B (Fig.  4, lanes 1-4) . TRBP did not bind oligonucleotides containing an S, sequence (data not shown).
Induction of Binding Activity for Sequences in the EBV
Terminus. Mouse spleen cells can be induced to undergo heavy-chain class switching in culture by treatment with lipopolysaccharide (LPS) (29, 30) . LPS also induces DNAbinding activity of LR1, one potential regulator of switch recombination (31) . Binding activity for probe T in nuclear extracts of mouse spleen cells cultured with LPS for 3 days was markedly greater than the activity in nuclear extracts of unstimulated mouse spleen cells (data not shown). The binding activity showed similar mobility and competition characteristics as did those obtained from nuclear extracts of human lymphoid cell lines, indicating that the activity was conserved among mammalian species.
Footprint of TRBP on the EBV TR. Nuclear extracts that caused gel mobility shifts on probe T also produced a DNase I protection footprint on a 282-bp fragment of EBV DNA spanning the junction between two adjacent TRs. The footprint included two binding sites, designated TRBS1 and TRBS2 (Fig. 5) . TRBS1 (21 bp) and TRBS2 (20 bp) were separated by 23 bp of unprotected DNA. By means of a primer extension technique one end of linear EBV DNA has been found to lie within this unprotected region (unpublished data). TRBS1 contains 15 of 17 nt of the EBV sequences represented in oligonucleotide T used in the EMSAs. TRBS2 was protected at lower protein concentration than TRBS1, suggesting that it has a higher affinity for TRBP. The same two sites were protected when the DNase protection assay Relationship of an activity which binds to the immunoglobulin heavy-chain class switch repeat to an activity that recognizes the EBV TR. Shown is an EMSA using nuclear phorbol 12-myristate 13-acetate-and sodium butyrate-treated HR-1 clone 16 cells. Three microliters of nuclear extract (NE) was used in the reactions for lanes 1-12 and 0.5 id for lanes [13] [14] [15] [16] . Four probes were used (see Table 1 ): S.Cm (lanes 1-4) 253 sera with anti-nuclear antibodies contained an autoantibody that caused a supershift of complexes A and B. The same autoantisera did not supershift complex C or complexes formed by nuclear extract on unrelated probes such as AP-1 or ATF. Sera that induced a supershift of complexes formed on probes derived from EBV DNA also caused a supershift of complexes formed on cellular recombinogenic sequences (e.g., Fig. 3, lanes 12 and 24) . The patients whose sera were reactive with TRBP were females with syndromes resembling systemic lupus erythematosus. None of the reactive sera contained previously characterized autoantibodies such as anti-Ku, anti-La, anti-Ro, anti-Sm, anti-Scl, anti-Ul ribonucleoprotein, or anti-DNA (32) . Sixty sera from patients with nasopharyngeal carcinoma (NPC) failed to induce a supershift of complex A and B. Since sera from NPC patients are highly reactive to EBV proteins, the complexes formed on (33) . Binding of recombinogenic sequences by TRBP is likely to induce local alterations in DNA structure that influence accessibility of the DNA to the recombination machinery. TRBP may also play a role in other processes that may be linked to recombination, such as transcription and replication.
The footprint produced by TRBP on the EBV TR spans a cleavage site that generates linear viral DNA. Binding by TRBP may induce bending or loop formation that promotes cleavage or circularization. The virus may play a role in modifying the activity of cellular enzymes that carry out the conversions between linear and circular DNA. TRBP may be an example ofexquisite viral parasitism ofa cellular function. Elucidation of the role of TRBP in recombination events in EBV may also help to understand the mechanism of isomerization and terminal processing in other herpes viruses (34) . Explanation of the role of TRBP in EBV genome rearrangements may shed light on the mechanisms of immunoglobulin heavy-chain class switch and other cellular DNA recombination events.
